Using tree-ring analysis, we show that the dynamics of forest tent caterpillar [Malacosoma disstria (Hbn.)] outbreaks in Alberta, Canada shifted at the turn of the 20 th century from cyclic, synchronous behaviour 1850-1910 to complex, asynchronous behavior 1910-1993. This shift in dynamics coincided with the emergence in 1910 of a latitudinal gradient in outbreak stability and periodicity reflecting a similar gradient in the periodicity of winter temperatures. We postulate that the synchronizing strength of winter temperatures has diminished as a result of climate warming, and that any synchronizing strength due to inter-population migration has been superseded by regionalized patterns of periodic forcing caused by weak low-frequency variability in winter temperatures. We speculate that a decrease in polar vorticity at the start of the 20 th century led to increased meridional jet stream flow and more frequent arctic weather anomalies, resulting in a loss of synchronous decadal periodicity in outbreak occurrence. These changes in insect disturbance probabilities, including rising uncertainty, have profound consequences for forest disturbance risk management.
Introduction
Highlights:
• The dynamics of forest tent caterpillar outbreaks in Alberta shifted at the turn of the 20 th century from simple, cyclic, synchronous behavior to complex, multi-frequential, asynchronous behavior. This shift coincided with the emergence of a latitudinal gradient in outbreak stability and periodicity re-B. J. Cooke, J. Roland flecting a similar gradient in the periodicity of 20 th century winter temperatures.
• Instrumental weather records in northwestern Canada begin around the start of the 20 th century, which is when we observed a shift in forest tent caterpillar outbreak dynamics. There is no evidence of forest structure in northern Alberta having changed suddenly at this time.
• Asynchronous eruptive behavior in western Canada is not congruent with synchronized cycling reported in eastern Canada. In Alberta, incipient outbreaks of forest tent caterpillar are frequently terminated by Arctic cold air anomalies that tend to be regional in scope.
• A decrease in polar vorticity at the start of the 20 th century has led to increased meridional jet stream flow and more frequent arctic weather anomalies, possibly accounting for an observed loss of synchronous decadal periodicity in outbreak occurrence.
• Climate change-driven changes in insect disturbance probabilities have profound consequences for forest disturbance risk management under rising uncertainty.
The forest tent caterpillar [Malacosoma disstria (Hbn.) ] is a periodic defoliator of broad-leaved trees throughout North America [1] . In Ontario, eastern Canada, outbreaks cycle regularly with a periodicity of 13.00 ± 0.95 yr [2] . Curiously, outbreaks in the prairie provinces of western Canada have exhibited poorly synchronized, aperiodic fluctuations [3] [4] . Recurring outbreaks are thought to be the result of a deterministic host-parasitoid interaction that is subject to stochastic meteorological perturbations [5] [6] [7] [8] . But it is not clear to what extent each of these forces is responsible for the induction of population cyclicity and synchrony and whether they might also be responsible for local departures from perfectly synchronized, cyclic behaviour.
Trembling aspen (Populus tremuloides Michx.) is the principal host-tree-species consumed by forest tent caterpillar larvae [6] and tent caterpillar defoliation is the major factor accounting for large-scale temporal variation in aspen ring-widths, outweighing, by far, any effect of moisture limitations caused by drought [9] . Outbreaks of forest tent caterpillar can thus be inferred from careful measurements of aspen ring-widths [10] .
Using tree-ring records, we reconstructed the long-term history of forest tent caterpillar outbreaks in Alberta, western Canada in order to determine if there was a time in the past when forest tent caterpillar outbreaks were once as cyclic and as synchronous as they are now in Ontario [11] . We sought to identify any temporal shifts and/or spatial gradients in the dynamics of forest tent caterpillar outbreaks that could clearly be associated with similar shifts or gradients in climate. Knowing that winter temperature is a key factor affecting egg survival and influencing population dynamics in northern climates [12] , we were specifically interested in any shifts in dynamics that might have resulted from climate warming as North America emerged from the "Little Ice 
Methods

Sample Collection and Preparation
Two to three trembling aspen (Populus tremuloides Michx.) trees were felled in each of 246 plots. Plots were arranged in a 3 × 3 grid of plot clusters. This grid covered 93,500 km 2 of forested land in nine municipalities across central Alberta ( Figure 1) . A section was taken at the base of each tree. Sections were dried at 40˚C for several days, sanded, and polished. Annual growth rings were resolved using a 10 -60× magnification stereo-microscope with a variety of light sources.
Each ring was dated and measured to the nearest 0.01 mm using an ocular micrometer. Sectional chronologies were cross-dated by examining the cross-correlation among ring width profiles, particularly with regard to high-frequency fluctuations in ring width.
Outbreak Reconstruction
Tree rings were scored as "normal" or "white", light-coloured rings being indicative of past defoliation [13] . Annual ring widths were measured along a single radial transect across the stem section. Ring-width chronologies from each stem were detrended to remove non-stationarity due to tree-age effects and local stand effects. Two successive cubic splines with 50% frequency responses of 50 and 25 years were used to remove the low-frequency variation in growth [14] .
Detrended ring-width series were then averaged across stands and across municipalities to produce local and municipal-scale mean chronologies. Detailed methods of sample preparation, cross-dating, and data processing are described and discussed elsewhere [10] .
Patterns of Regionalization
K-means cluster analysis of local aspen ring-width chronologies was used to partition the study area into regions of similar dynamics. With 9 grid points we chose k = 9 clusters to test the hypothesis that outbreak dynamics were more similar within municipalities than between municipalities. To detect any spatial differences in outbreak periodicity spectral analysis was applied to cluster mean chronologies. All analyses were performed using S-plus (Insightful Inc.).
Nonlinear Stability Analysis
A two-stage method of stochastic, nonlinear, autoregressive modeling and stability analysis [15] was used to determine whether outbreak oscillations over the ) was used to analyze the stability of the fitted nonlinear neural net models.
Global Lyapunov exponents were estimated for time-series of fitted values derived from single-unit neural net regression models of municipal aspen ring width chronologies. Estimation was based on first-order Taylor expansion.
Briefly, these Lyapunov exponents measure the exponential rate of divergence away from an attractor given a perturbation of arbitrarily small size. Positive
Lyapunov exponents indicate extreme sensitivity to perturbation and rapid divergence from a trajectory, which is the hallmark of chaos.
Stationarity of Dynamics
The three longest mean ring-width chronologies were split into two series using 1910 as the pivot year (sensitivity analysis shows that our results are insensitive to choice of pivot year). Spectral analysis was used to examine periodicity in outbreaks before and after 1910. Cross-correlations were computed for pairs of chronologies, before and after 1910. These were compared using a paired t-test to determine if outbreak synchrony had changed over time. Cross-spectral analysis of pairs of chronologies was used to determine if changes in correlations were a result of a loss of coherence in a particular frequency range. Nonlinear stability analysis was performed on the early portions of the three long chronologies, and results here were compared to results from the latter part of the chronologies to determine if stability properties had changed over time.
Results
Outbreak Patterns
Six of the municipal aspen ring-width chronologies originated between 1880 and 1920 and three originated before 1850. The three long chronologies revealed no fewer than 23 episodes of growth suppression that spanned three or more years and were therefore likely due to tent caterpillar defoliation (Online Appendix
Supplementary Figure A1 ). Many of these episodes were evident in all nine municipal chronologies, suggesting periodic outbreaks tended to be synchronized to some extent. Outbreak synchrony was, however, imperfect. Some chronologies were missing some episodes of growth reduction, and some epi- Imperfect synchrony of province-wide outbreaks was therefore a result of regional differences in outbreak periodicity. So not only were local outbreaks not phase-synchronized, they also were not homogeneous in frequency.
Nonlinear Stability
We wanted to know whether the high-frequency pattern of alternating low-and high-amplitude fluctuations exhibited in chronologies from municipalities of the southern region (Figure 2 (e)) might be a result of nonlinear, chaotic dynamics
[16] [17] . We were especially interested in the possibility that large-scale outbreak asynchrony might be a result of municipal-scale chaos [18] rather than regional stochasticity. Clustering with k = 3 suggests the nine clusters can be aggregated hierarchically into three larger regions constituting a clear latitudinal gradient in FTC outbreak dynamics, shown as three coloured regions in (a). Bottom: Mean chronologies for each of nine clusters derived from k-means cluster analysis plotted in the temporal and frequency domains, and grouped according to latitudinal regions of similarity in (c), (d), (e). Corresponding regional spectra shown in (f), (g), (h). Gray bands on spectra indicate 5-to 10-year range in periodicity. Super-decadal outbreaks in the north give way to sub-decadal outbreaks in the south. Outbreaks in the central region display both low-and high-frequency components.
There was a clear geographic pattern (Figure 3(a) ) in the predictability and stability of modeled outbreaks (Figure 3(b) , dark circles): northeastern municipalities exhibited fluctuations that were highly stochastic, but highly stable, whereas southwestern municipalities exhibited fluctuations that were less stochastic and Over the period 1910-1994 highly stochastic (R 2 < 0.3) and stable dynamics (GLE < 0) were prevalent in the northeast, while less stochastic and less stable dynamics were prevalent in the southwest. Outbreak dynamics from 1850-1910 at Peerless L. (P˚) and Conklin (C˚) were no more stable or predictable than after 1910, whereas dynamics at Whitecourt from 1850-1910 (W˚) were more stable and more predictable than after 1910 (see Figure 4) . less stable. None of the chronologies were found to be chaotic, suggesting regional asynchrony in outbreaks was not a result of municipal-scale chaos. The simplicity and clarity of this spatial gradient in stability and stochasticity suggests that the pattern is robust and should therefore have a simple explanation.
Shift in Dynamics
A visual inspection of the three longest municipal ring-width chronologies (Whitecourt, Peerless L., Conklin) suggested that the dynamics of tent caterpillar outbreaks may have shifted around the turn of the century. Spectral analysis confirmed that, from 1850 to 1910, outbreaks occurred at 6-to 7-year intervals (Figure 4(a) ), and from 1910 to 1994, they occurred at both 5-year and 20-year intervals (Figure 4(b) ). Cross correlations among pairs of chronologies indicated that outbreak synchrony was higher prior to 1910 (r = 0.59 ± 0.02) than after (r = 0.41 ± 0.02). A paired t-test indicated this difference was significant (one-tailed t = 15.6; d.f. = 2; P = 0.002). Cross-spectral analysis showed that the 
Regional Environmental Stochasticity
We examined spatial and temporal variability in mean January temperatures in Alberta in a search for patterns that might explain the emergence of regionalized outbreak dynamics during the last century. We discovered that winter climate patterns are regionalized in a remarkably similar manner. In northern Alberta, January temperature fluctuations during the 20th century were dominated by super-decadal variability, whereas in southern Alberta there was an additional sub-decadal component of variability in the 5-to 10-year range of periodicity that was not shared with northern Alberta (Figure 6 ). Furthermore, super-decadal peaks in mean January temperature in northern Alberta ( 
Discussion
Robustness of Reconstructions
A major shift in the patterns of trembling aspen ring widths in Alberta appears to have occurred around 1910. The small sample sizes and wide error bars on the long chronologies prior to 1910 are a concern, especially for the Peerless L. data.
However two facts are worth noting. First, it is despite the smaller sample sizes that between-site cross-correlations were found to be higher prior to 1910. Largersample sizes prior to 1910 would likely increase the similarity of estimated mean ring widths. Second, though the pre-1910 mean ring width estimates for Peerless L. were subject to exceptionally high sampling error, the between-site cross-correlations involving Peerless L. were no smaller than the cross-correlation B. J. Cooke, J. Roland that did not involve Peerless L. (Figure 4 ). Larger sample sizes at Peerless L.
would likely decrease error while having little influence on the periodic pattern in ring widths. In summary, it is highly unlikely that sub-decadal coherence among early chronologies is due to random chance alone. It is more likely a result of synchronized, sub-decadal outbreaks of forest tent caterpillar.
The error bars on cross-spectral coherency estimates ( Figure 4) were sufficiently wide that coherency differences before and after 1910 were not statistically significant. This, however, only serves to illustrate the limited descriptive power of spectral decomposition when the data are only weakly periodic, as in the 1910-1994 ring widths. The change in outbreak periodicity and synchrony after 1910 was so profound that the effect could not be revealed using a simple cross-spectral test for a change in outbreak frequency.
Additional proof that defoliator outbreaks once occurred with high frequency can be found in the white ring counts (Supplementary Information Figure A1 , bars), which are a reliable, but conservative indicator of insect defoliation [13] .
Of the ~10 cycles in aspen growth that occurred between 1840 and 1910, the last three (1888-1891, 1896-1898, 1900-1904) were accompanied by high white ring counts (in one, two, and two of the three municipalities respectively). This further supports our contention that similarities among ring-width chronologies prior to 1910 are not spurious.
If climate were the primary factor limiting tree growth, this shift in ring-width patterns would be puzzling. Climate warming over the 20 th century has caused trembling aspen in Alberta to become increasingly sensitive to moisture limitation [19] [20], yet aspen ring widths have become decreasingly correlated. The only logical explanation for the loss of spatial synchrony in ring widths is that some limiting factor other than moisture has changed, from synchronous and periodic to asynchronous and aperiodic. We argue that this shift in ring-width patterns occurring at the start of the 20 th century must be due to a shift in the dynamics of forest tent caterpillar outbreaks.
Insect Population Dynamics and Climate Change
The cause of this shift in outbreak periodicity and outbreak synchrony is unknown. It cannot be a result of anthropogenic changes in forest structure (e.g.
[21]) because it is only within the last 40 years that the forests in and around the three long-chronology municipalities have been disturbed by large-scale forest activity and oil and gas development. It could be a result of climate change because cold winter temperatures can kill tent caterpillar eggs [22] , and can assist in the collapse of localized outbreaks [12] .
The Albertan climate has, on average, been warming since record-keeping began in the 1880's [19] , so it is not immediately obvious how this might lead to greater episodes of winter mortality of caterpillars during emerging outbreaks.
We suggest that the answer to this paradox lies in understanding how changes in polar vorticity under global climate warming may result in more altered jet B. J. Cooke, J. Roland stream flows, including increasingly meridional flows of wider amplitude, and thus a higher incidence of Arctic weather anomalies during the boreal winter [23] - [30] . An increase in winter weather variability under climate warming might have destabilized caterpillar population dynamics by increasing the frequency of heavy overwintering mortality, thus reducing the degree of periodicity associated with the predator-prey oscillation. This would explain the temporal trend toward lower stability at Whitecourt (the southernmost municipality of the three long chronologies) and the spatial trend toward lower stability in southwestern Alberta (Figure 3) .
Additionally, the weak low-frequency variability observed in January temperatures in Alberta could act as a stochastic period-forcing mechanism [31] . This might explain the bidecadal outbreak cycle in northern Alberta and the higher frequency, sub-decadal and decadal outbreaks in southern Alberta (Figure 2) .
Notably, the super-decadal peaks in mean January temperature in northern Alberta ( Figure 6 , Fort Vermilion) corresponded closely with the occurrence of large-scale outbreaks in 1924, 1942, 1962 , and 1982 throughout northern Alberta, lending this hypothesis some credence. The possibility of stochastic periodic forcing is made even more likely by the fact that the impact of stochastic winter temperature perturbations is not entirely density-independent; caterpillar populations are more likely to be impacted by winter cold when eggs are laid in the shrub layer and in frost pockets, places they tend to avoid at low density [12] .
Of course, if outbreak periodicity were forced by an exogenous agent, this would violate the assumptions of the nonlinear neural net regression models, and would make the results of stability analysis difficult to interpret. However, it wouldn't make the geographic pattern in municipal model parameters any less meaningful. The geographic gradient in apparent stochasticity and apparent stability, if difficult to interpret, is nonetheless robust, and therefore requires explanation. We conjecture that super-decadal temperature cycles in northern Alberta have disrupted the endogenous sub-decadal outbreak cycle that once occurred there, and that the absence of such low-frequency climatic variability in southern Alberta has allowed the sub-decadal outbreak cycle there to persist. We are currently exploring this hypothesis through experimentation, process-modeling and simulation.
Similar reconstructions of multicentury, regional-scale outbreaks of conifer-feeding Lepidoptera have suggested a shift towards more frequent and more severe outbreaks induced by anthropogenic changes in forest structure [32] [33].
Our results are more in agreement with small-scale reconstructions of Pandora moth outbreaks [34] , which indicate a reduction in outbreak frequency, severity and synchrony occurring in the 20 th century. What is unique about our study is that we have implicated an ecological mechanism that has strong empirical precedence. In the prairie provinces of west central Canada outbreaks of forest tent caterpillar are frequently terminated prematurely by winter weather anomalies that result in high overwintering mortality of eggs [12] .
Why do tent caterpillar outbreak dynamics today seem to differ between eastern and western Canada? The answer does not seem to lie in the intrinsic dynamics of the system, as studies from Alberta yield population growth parameters [8] that are very similar to studies from Ontario [11] . This is a system whose intrinsic dynamics, across Canada, are only weakly nonlinear. Our results suggest the difference in extrinsic dynamics may be attributable to a differential change in climate-driven winter weather variability arising at the start of the 20 th century. Our hunch is that winter weather in the continental climate of the boreal plains region of Alberta is now far more variable than in Ontario, and thus tends to act as a strong forcing agent on tent caterpillar cycling. In Ontario, winter temperatures are neither as harsh nor as variable, consequently the system is free to cycle and to synchronize.
Influence of Forest Structure and Relevance to Forest Management
Although it has been demonstrated that spatial variation in forest tent caterpillar This leaves us with the important conclusion that climate change-including not just climate warming, but also changes in climate variability-has the potential to significantly alter forest disturbance probabilities through time.
Managers of boreal mixed woods will want to consider carefully how best to manage a forest resource that is subject to probabilistic insect disturbances whose probabilities are changing in uncertain ways, including large and uncer- 
Conclusions
The A fundamental issue in population ecology is the role of nonlinear feedback in explaining complex dynamic behaviour [38] . Our results suggest periodic forcing also should not be ignored. That the interaction between stochastic and deterministic nonlinear processes can be a rich source of dynamic behaviour is widely recognized by ecologists [39] [40] [41] [42] . However, our study shows such interactions may also be important for understanding the behaviour of linear and weakly nonlinear systems.
This is the first example of a spatially structured population exhibiting a clear and sudden switch from simple to complex dynamic behaviour in response to global climate change. This illustrates why it is so challenging to predict how ecosystems will respond to climate warming. A slow change in climate brings changes in weather and weather variability, and because it is on this short time scale that many ecosystem processes tend to function, climate change may result in rapid and non-intuitive ecosystem responses. Predicting the impacts of climate change on ecosystem function is going to be challenging. For small, well-studied parts of an ecosystem, it may be possible to make predictions, if, as in this study, we support 1) long-term, large-scale, process-oriented studies of well-studied populations in natural environments, 2) continued environmental monitoring, and 3) the development of more sophisticated analytical methods.
For whole ecosystems, which include many lesser-studied components, we are much less optimistic. Given the apparent lack of predictability in these disturbance-driven systems, we recommend modern approaches to the management of probabilistic risks.
